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ABSTRACT

We analyze the structure of lock-release gravity currents as they approach and flow around a vertical obstacle.
Two laboratory setups are used: an undisturbed horizontal channel and the same channel partially obstructed
by a circular cylinder. Instantaneous two-dimensional velocity fields were acquired with Particle Image
Velocimetry. The structure of the flow is discussed in terms of its instantaneous velocity components and by
identifying its characteristic vortical coherent structures employing the Rortex/Liutex vector. The current is
divided in three layers, characterized by different vortical structures. The lowermost layer features the hairpin-
like vortical structures of smooth boundary layers while the shear layer features the growth of inflectional
instabilities. Once the head has passed, the body of the current is upwelled, disrupting the shear layer and
creating a region of intense mixing. A complex vortex system is formed with rotation compatible with returning
the upwelled flow back to the current. The interaction of this region with the separated ambient flow requires
the formation of a horizontal vortex that compatibilizes both flows. In the ambient fluid, the observed rotational
structures may be the cores of Von Karmén vortices whose axis (vertical when shed) were rotated by the

upwelling current.

1. Introduction

Gravity currents are flows generated by the density gradient be-
tween two or more fluids in contact. These flows can have an important
impact on the surrounding environment: temperature or salinity gra-
dients can trigger the movement of water masses in the oceans; the
release of pollutants into the atmosphere, lakes or oceans often occurs
through the generation of gravity currents or plumes (Simpson, 1999).

In the last decades, several studies were devoted to the investigation
of the main characteristics and dynamics of gravity currents. The
propagation of gravity currents on a horizontal smooth bottom was
investigated both by laboratory experiments and numerical simula-
tions (Benjamin, 1968; Huppert and Simpson, 1980; Huppert, 1982;
Hacker et al., 1996; Shin et al., 2004; Marino et al., 2005; Zhu et al.,
2006; Adduce et al., 2012; Inghilesi et al., 2018; Kyrousi et al., 2018;
Lombardi et al., 2018; Zordan et al., 2018a,b; Dai and Huang, 2024).
During their paths, gravity currents can interact with a complex bottom
boundary. Many studies investigated the influence of different bottom
slopes (Cuthbertson et al., 2014; Laanearu et al., 2014; Negretti et al.,
2017; Ottolenghi et al., 2017; Martin et al., 2019; De Falco et al.,
2020, 2021; Dai and Huang, 2020, 2021; M. Maggi et al., 2023) or
the presence of bottom roughness (La Rocca et al., 2008; Tokyay et al.,
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2011; Nogueira et al., 2013, 2014; Bhaganagar and Pillalamarri, 2017;
He et al., 2022; Maggi et al., 2022; M. Maggi et al., 2025; M.R. Maggi
et al.,, 2025) on the dynamics of density currents. In general, these
studies show a reduction of the propagation velocity of the front,
compared to the undisturbed case.

Furthermore, gravity currents can interact with a variety of ob-
stacles, both natural and human made. The influence of artificial
structures on the dynamics of gravity currents has been studied using
submerged obstacles occupying the entire width of the domain, of
different shapes, including triangular (Lane-Serff et al., 1995; Adduce
et al., 2022; M. De Falco et al., 2021; M.R. Maggi et al., 2023; Maggi
and Adduce, 2025), cylindrical (Gonzalez-Juez et al., 2009, 2010; La
Rocca et al., 2013) and trapezoidal (Cuthbertson et al., 2018; Laanearu
and Cuthbertson, 2023) obstacles. These works emphasize a slowdown
in the propagation of current fronts due to drag and viscous forces,
as the current interacts with the obstacle, enhanced the formation of
complex three-dimensional separation patterns.

The interaction between density currents and emergent rigid vegeta-
tion or human-made structures can be studied using vertically mounted
cylinders (Tanino et al., 2005; Zhang and Nepf, 2008; Ho and Lin,
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2015; Testik and Ungarish, 2016; Gu et al., 2018; Zhou and Venayag-
amoorthy, 2020). The passage of a gravity current within an array of
cylindrical obstacles induces the transition from an inertial regime to a
drag-dominated regime, resulting in the reduction of the front velocity
and the total discharge rate. The drag dominated regime induces a
change in the classical semi-elliptical shape of the current head, which
takes on a triangular form.

Only recently the interaction of a gravity current with an isolated
vertical obstacle has received attention (Mok et al., 2011; Brito et al.,
2022; Di Lollo et al., 2024). Mok et al. (2011) used the laser-induced
fluorescence (LIF) technique to analyze the interaction between a grav-
ity current and an emergent vertical cylinder. Three phases have been
identified: an impact phase, a transition phase, and a quasi-steady
phase. An area of circulation is generated upstream of the obstruction
as the result of the interaction between the rising dense current and
the return flow of ambient fluid. Di Lollo et al. (2024) used Particle
Image Velocimetry (PIV) technique to study the mean velocity field and
the turbulence of a gravity current interacting with a emergent vertical
cylinder before impact. The presence of a vertical obstacle does not
significantly affect the mean velocity field but alters the redistribution
mechanism of Turbulent Kinetic Energy (hereinafter TKE), reducing the
intensity of TKE and Reynolds stresses within the head of a gravity
current. Brito et al. (2022) validated a LES model with velocity and
density measurements in the same configurations of Di Lollo et al.
(2024).

This study aims to investigate how the presence of localized vertical
obstacles (vegetation and/or vertical human structures) modifies the
velocity field, reorganizes the flow structure and influences the forma-
tion and development of turbulent structures of a gravity current, a
topic not yet addressed in the literature. The study is conducted using
the simplest representation of an obstacle that does not occupy the
entire width of the domain, a single vertical cylinder, as a starting point
for future studies. The interaction between gravity currents and the
obstacle is studied by means of instantaneous velocity measurements
obtained with PIV, focusing on the phases of interaction and the visu-
alization of vortex structures, comparing the scenario with the obstacle
and the case without it, herein referred as undisturbed configuration.

In recent years, different methods for the identification and visual-
ization of vortex structures and their evolution have been developed,
such as A-criterion (Chong et al., 1990), Q-criterion (Hunt et al.,
1988), 4.;-criterion (Berdahl and Thompson, 1993; Zhou et al., 1999),
Aer/ A -criterion (Chakraborty et al., 2005) and 4, -criterion (Elsas
and Moriconi, 2017). Swirling strength was used to investigate the
formation of vortex structures in a bottom gravity current on horizontal
bed using DNS simulations, showing a complex presence of structures
throughout the development of the current (Cantero et al., 2008). The
influence of a seabed macro-roughness on the formation of interface
vortices and on the bottom in gravity currents was analyzed instead
by the Okubo-Weiss parameter, starting from two-dimensional PIV
measurements in Maggi et al. (2022). These methods require the intro-
duction of threshold values to identify vortical regions, which may lead
to ambiguities, particularly in flows characterized by strong shear and
strain An innovative vortex identification and visualization method,
Rortex (or Liutex), is applied in this study. This method is based on the
definition of a vortex vector (Rortex) which describes the local rotation
of the fluid (Liu et al., 2018; Tian et al., 2018). Its direction indicates
the local axis of rotation while its magnitude is defined as the rotational
part of the vorticity in the direction of the vortex vector. Regions where
the intensity of the vector vortex is different from zero represent the
presence of a vortex.

The Rortex method has been applied and validated with several
turbulent cases and compared with other methods of vortex identi-
fication (Gao and Liu, 2018; Zhan et al., 2019). The advantages of
the Rortex are particularly evident in three-dimensional flows. In such
configurations, vorticity does not generally coincide with the local
axis of rigid-body rotation and may be strongly influenced by shear

Advances in Water Resources 212 (2026) 105303

contributions. Scalar and eigenvalue-based vortex identification crite-
ria can identify regions contaminated by shear contributions, do not
provide information on the orientation of the vortex axis and may be
sensitive to the choice of threshold values. By contrast, Rortex method
directly identifies both the intensity and the direction of the local
rotation axis, showing excellent results due to the simple calculation,
the decontamination by shear contributions and the no need to define
a thresholds (Gao and Liu, 2018; Dong et al., 2019; Gui et al., 2019;
Liu et al., 2019; W. Xu et al., 2019; W.q. Xu et al., 2019; Zhan et al.,
2019; Shrestha et al., 2021).

In two-dimensional flows, the Rortex formulation becomes a shear-
free measure of local rigid-body rotation by filtering out contributions
associated with pure shear. Although the rotation axis is fixed in two-
dimensional configurations, this property allows a clearer identification
of vortical structures in regions characterized by strong velocity gradi-
ents, such as near-wall areas and in the vicinity of obstacles. As a result,
Rortex can provide a more robust vortex identification compared to
vorticity-based or eigenvalue-based criteria, even in two-dimensional
flow fields (Liu et al., 2018; Gao and Liu, 2018; Xia, 2021).

In this work, the intensity of the vector Rortex R is evaluated in its
2D formulation (Xia, 2021)

f-a ifa?-p2<0and >0,
R=4p+a ifa’?-p2><0and g <0, (@]
0 ifa?—p2>0

where « and f are evaluated as

1w v, oW au,
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and where U is the instantaneous longitudinal velocity component and
W is the instantaneous vertical velocity component.

This paper is structured as follows. After this introductory section,
Section 2 presents the laboratory setup and instrumentation used in the
experiments. Section 3 characterizes the gravity current’s layers, which
will be analyzed in Sections 4 and 5 for undisturbed configuration
and cylinder configuration respectively. Section 6 discusses the results
observed and Section 7 summarizes the main conclusions.

2. Laboratory experiments

In this work all the gravity currents were generated by the full lock
release technique in a horizontal channel with transparent walls, with
a length of 3 m, height of 0.4 m, and width of 0.175 m. The setup is
the same as in Di Lollo et al. (2024). A gate positioned at a distance
xy = 0.3 m from the left wall of the channel temporarily separates
the channel into two volumes. The left part of the channel is filled
with saltwater, while the other part is filled with the ambient fluid,
a mixture of water and alcohol. The fluid’s depth is equal to 4, = 0.2 m
in both compartments. The gate removal causes the dense fluid to
collapse, propagating along the bottom of the channel, underneath the
ambient fluid, towards the right wall. The ambient fluid propagates in
the opposite direction, generating a stratified environment with intense
mixing at the interface. Two density gradients are tested, varying the
amount of salt and alcohol to obtain two different reduced gravities:
g’ =0.06 m/s?> and g’ = 0.24 m/s”. The reduced gravity g’ is defined as

g =gt @
Po

where g = 9.81 m/s? is the acceleration of gravity, p, is the density of

the dense fluid and p, is the density of the ambient fluid. The density

currents were tested in the free channel, here referred as undisturbed

configuration, and in a setup with an emergent PVC cylinder with

diameter ¢, = 2.5 cm, referred as obstructed configuration. The cylinder
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Fig. 1. Sketch of the channel lateral view for (a) undisturbed configuration
and (b) obstructed configuration. The green shaded area represents the PIV
field of view.

is placed at a distance of x, = 90 cm from the left wall of the channel
and is mounted half the width of the channel perpendicular to the
bottom. Two-dimensional instantaneous velocity fields are measured by
using a Dantec © 2D PIV system with a power source able to generate
a pulse of 30 mJ. The laser head is positioned above the channel,
directing the laser beam to illuminate a vertical plane (x,y) along
the channel centerline upstream of the obstacle. In the undisturbed
configuration, the PIV measurement window extends from x = 75 cm
to x = 100 cm. In the configuration with the cylinder, the measurement
window extends from x = 65 cm to x = 95 cm. Fig. 1 shows the
experimental setup of the two configurations.

The time between laser pulses (TBP) is set equal to 12000 ps for
tests with g/ = 0.06 m/s?, and 4500 ps for the g’ = 0.24 m/s? tests. An
8-bit CCD camera with a resolution of 1200 x 1600 pixels, oriented
perpendicular to the laser sheet plane, records the measurement win-
dow at an acquisition rate of 15 Hz. The synchronization between the
beginning of the PIV data acquisition and the lock release is guaranteed
by a switch connected to the gate. DynamicStudio, software owned by
Dantec, is used to image acquisition and to compute velocity fields,
applying an adaptive correlation algorithm with a final space resolution
of 16 x 16 pixels and a 50 % overlap of the interrogation area, validated
by a process based on the median of the 8 adjacent vectors. Flow tracers
consist of polyamide particles with a density of 1.03 g/cm’ and a mean
diameter of 50 pm.

The concentrations of salt and alcohol are adjusted to match the
refractive index in both mixtures, a condition necessary to avoid mea-
surement errors when employing the PIV technique in stratified en-
vironments. The solute concentrations are determined following the
procedure described by Daviero et al. (2001). Digital thermometers are
used to ensure that both mixtures are at the same temperature. For
further details, see Di Lollo et al. (2024). The Reynolds number for
tests in the undisturbed configuration, Re, is calculated using the water
depth as the characteristic length scale, while the Reynolds number
in the obstructed configuration, Re,, is based on cylinder diameter, as
follows

h
Re = 2270 (5)
v
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Re, = ‘e 6)

v

where u, = 4/g’hy is the buoyancy velocity and v is the kinematic
viscosity of the ambient fluid. The values obtained are Re = 2.2 x 10*
and Re, = 2.7 x 10> for g’ = 0.06 m/s?, and Re = 4.4 x 10* and
Rec = 5.5x 10? for g’ = 0.24 m/s%. Hereinafter, the asterisked variables
(*) refer to dimensionless quantities. The following scales are adopted:
xy as horizontal length scale, h, as vertical length scale and u, as
velocity scale. The non dimensional longitudinal coordinate is defined
as x* = (x — xg)/(xg), while the non dimensional vertical coordinate is
defined as z* = z/h,.

The dimensionless time ¢* is defined as r* = t/(xy/u,), being t = 0
the instant of the gate removal.

For this reference frame, the current flow is generally positive in
the longitudinal direction. Thus, we use the term “front face of the
cylinder” to designate the half-surface of the cylinder facing back
against the dominant longitudinal motion of the current and “in front
of the cylinder” to indicate the flow region upstream but in the near
vicinity of the cylinder, relatively to the dominant longitudinal motion
of the current. A negative flow is that running counter the x-direction.
The ambient fluid mostly runs in the negative direction. Interaction
with the cylinder generates, as discussed below, regions of ambient
fluid with positive motion and mixed flow with negative motion. In
particular, we identify a region with separated flow, mostly of ambient
fluid, whose direction is positive (and thus counter the main motion of
the ambient fluid), adjacent to the front face of the cylinder. Rotations,
in this reference frame, are positive if counterclockwise and negative if
clockwise.

3. Current profile

The gravity currents generated by the lock-release technique are
generally divided into three parts (Ooi et al., 2009; Dai, 2013; Ot-
tolenghi et al., 2018; Zordan et al., 2018a): the leading part, or head,
which forces the rise of the ambient fluid along its front; the body,
characterized by large longitudinal velocity values and interface insta-
bilities (Kelvin—-Helmholtz billows); the tail, characterized by a lower
height and reduced longitudinal velocity values. The current head is
defined as the parts that extends from the tipping point, also called the
nose, to the first billow along the fluid—fluid interface, following the
procedure described in Di Lollo et al. (2024).

The current front is identified by applying the condition oW * /dx* ~
0 while the upper interface between dense fluid and ambient fluid is
identified through the condition U* ~ 0 (M.C. De Falco et al., 2021;
Maggi et al., 2022). The undisturbed current propagation is shown in
Fig. 2, showing the space/time evolution of the dimensionless current’s
height, H* = h,/h,, where h, is the current height defined as the
distance between the bottom and the interface between dense and
ambient fluid. The passage of the head is characterized by increas-
ing height values, with maximum values of H* ~ 0.5, marking the
transition to the current body. The transition between the body and
the tail is identified by the height decrease over time. The interaction
between a gravity current and a vertically mounted cylinder develops
in three time phases, as reported by Mok et al. (2011). The first
stage is the impact, in which an initial increase of the dense current
height occurs in the vicinity of the obstacle. Then, the second phase
corresponds to the interaction of the cylinder with the dense current
flowing in one direction and the ambient fluid flowing on the opposite
direction. The maximum current height is observed in this second phase
reaching H* = 0.7 as reported by Mok et al. (2011). The final phase
corresponds to the decrease of the dense current’s height. Fig. 2(b)
shows the space-time evolution of the current’s dimensionless height
in the configuration with the cylinder.

Gravity currents are, often, divided into two layers (Kneller et al.,
1999; Cossu and Wells, 2012; Kashefipour et al., 2018). We, neverthe-
less, and for the sake of our arguments, opt for a different description
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Fig. 2. Space-time map of the dimensionless height of the current in (a) the undisturbed configuration and (b) the obstructed configuration, for tests with

g =0.06 m/s%.

of the flow, proposing a stratification with 3 non-overlapping layers: a
lowermost layer (herein inner layer), whose dynamics is essentially de-
termined by the interaction of the current with the smooth wall below;
a shear layer between the dense fluid and the ambient fluid, where
both fluids mix, where instabilities form and grow due to the strong
inflectional profile, forming Kelvin-Helmotz billows that promote the
aforementioned mixing; and a core layer between the previous two,
herein the outer layer. An upper ambient fluid layer remains above the
shear layer.

The inner layer extends from the bed up to the height of the maxi-
mum longitudinal velocity component, Uy (x*,*). The thickness of the
shear layer 6*(x*,r*) can be calculated by the following equation (Zhu
and Lawrence, 2001; Pham et al., 2009; M.C. De Falco et al., 2021)

Uu* (x*,t*)-U* (x*t%)
5*()(*,1‘*) - max.,d s lmm,a (7)
) 1)

where Uy e g 5517 s the maximum longitudinal velocity component
of the dense fluid of each vertical profile, U;m’a(x*, t*) is the minimum
velocity component of the ambient fluid of each vertical profile and
(”{’g: )(X*, 1%),0x is the maximum vertical shear rate of the longitudinal
velocity component. The outer layer extends from the upper boundary
of the inner layer to the lower boundary of the shear layer. Fig. 3 shows

the three layers.

4. Current dynamics in the undisturbed configuration

This section describes the dynamics of the gravity currents in the
undisturbed conditions. It is based on the analysis of instantaneous ve-
locity field and on the identification of rotational structures, calculated
as the magnitude of the Rortex vector. The results shown refer to the
g’ =0.06 m/s? test. Similar results were observed in the g’ = 0.24 m/s’
test.

4.1. Velocity field

Fig. 4 presents maps of U*(x*,z* t*) in the undisturbed configu-
ration for g’ = 0.06 m/s?, overlapped by its vertical profile in three
different positions at different time instants. The dense current is
characterized by positive values of U*(x*,z*,t*), while the ambient
fluid is characterized by negative velocities. The shape of the vertical
profile of longitudinal velocity shown in Fig. 4 is consistent with the
literature (Kneller et al., 1999; Cossu and Wells, 2012). In the inner
layer, the longitudinal velocity shows a positive gradient along the
vertical, increasing from zero at the bottom to the maximum value at

the top in a non-linear fashion. In the outer layer, there is a reversal
of the velocity gradient and the longitudinal velocity decreases from
the maximum value. In the shear layer, there is a transition from
positive velocity values of the dense fluid to negative velocity values
of the ambient fluid, separated by the zero velocity values at the
interface between the two fluids. Longitudinally, the magnitude of the
longitudinal velocity decreases from the head to the current tail.

Fig. 5 show maps of W*(x*, z* *) for the undisturbed current
characterized by g’ = 0.06 m/s?. The highest values of W*(x*,z*,t*)
are observed on the top of the current head, where the ambient fluid
is displaced upward due to the progress of the dense current. In the
current body and tail, the vertical velocity presents low magnitude in
the shear layer while it is negligible elsewhere.

4.2. Rortex intensity

Fig. 6 shows the Rortex intensity, R*, for the undisturbed configura-
tion characterized by g’ = 0.06 m/s%. The inner layer is predominantly
characterized by negative Rortex intensities, indicating the presence
of clockwise vortices, most likely associated to the heads of hairpin
vortices as in the steady flow over smooth walls. The formation of
vortices has been observed at channel bottom and at the upper limit
of the inner layer. The strongest intensity vortices are observed during
the passage of the head and body of the current (r* = 4.85 and
t* = 5.26 in Fig. 6), manifesting either as isolated vortices or con-
nected structures extending between the two limits of the inner layer.
During the current propagation, the vortex intensity decreases. The
shear layer is characterized by intense positive rotational structures,
counterclockwise vortices generated by the movement of the two fluids
in opposite direction. In the upper part of the current head (x* = 1.8
at t* = 4.85 in Fig. 6), there is the formation of an intense positive
vortex structure, which resembles the formation of Kelvin—-Helmholtz
billows. These structures maintain a well-defined and visible core until
t* = 6.14. After that time instant, a stretching process begins, which
is identified by the rupture of the vortex core and the generation of
sparse intense R* signals within the shear layer. During the passage
of the current body and tail, in the observation window, no additional
coherent structures are observed, only isolated vortices with decreasing
intensity are observed. In the initial stages of current propagation (+* =
4.85 and r* = 5.26 in Fig. 6), strong positive Rortex intensities are
identified in the outer layer of the current head and near the lower
limit of the shear layer. It seems to be a consequence of the formation of
intense interface vortices. After the stretching of the interface instability
discussed above, the increase of Rortex intensities was observed in
the outer layer. The formation of a pronounced isolated vortex was
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Fig. 3. Identification of the flow layers in currents in: (a) the undisturbed configuration characterized by g’ = 0.06 m/s*; and (b) the obstructed configuration
characterized by g’ = 0.06 m/s’. The dashed black line is the current profile, the gray line represents the upper limit of the inner layer and the white lines delimit

the shear layer. (c) Schematic of the gravity current divided into the three layers.

observed at x* = 1.8 at t* = 6.14, situated immediately below the
lower boundary of the shear layer. As the current progresses, this vortex
moves towards the inner layer, being carried by the flow and thereby
intensifying its extension, probably as a result of the interaction with
other vortices present in the outer layer.

The vortex structures identified herein with the Rortex method are
in agreement with the results of Cantero et al. (2008), where the
turbulent structures of an undisturbed gravity current simulated numer-
ically with DNS are analyzed by the swirlingt strength. From numerical
simulations, the authors highlighted the different phases of Kelvin—
Helmotz billows, their formation and the maintenance of coherence
during the initial stages of current propagation. In addition, Cantero
et al. (2008) show that, after a stretching and tilting process, those
interface vortices break up into smaller structures, generating vortices
in the outer layer, where they were previously absent. Other research
works have also showed that the raised clockwise vortex in the inner
layer can be attributed to the head of hairpin vortices, while the bed
structures represent the tail of the same vortices or the presence of
other cane or horseshoe vortices, common turbulent structures present
in the turbulent boundary layer (Head and Bandyopadhyay, 1981;
Cantero et al., 2008; Eitel-Amor et al., 2015; Pang et al., 2023). It is
interesting to note how the evolution of the inner layer tends to change
due to these clockwise vortices. The changes in height of the inner layer
can be attributed to the higher velocities found in the presence of the
hairpin vortex head (Theodorsen, 1955; Adrian, 2007).

5. Dynamics of current/obstacle interaction

This section describes the interaction of the dense current and of the
ambient fluid with the cylinder. The results shown are relative to the
current characterized by g’ = 0.06 m/s?, as no significant differences
were observed in the configuration with g’ = 0.24 m/s’.

5.1. Velocity field

Fig. 7 shows maps of U*(x*, z*,7*) in the obstructed configuration
for g = 0.06 m/s> overlapped by vertical profiles at three different
positions and different time instants. Before the impact with the cylin-
der, no significant variations have been identified in the longitudinal
velocity of the current when compared to the undisturbed current (+* =
3.49 in Fig. 7). A Reynolds number for the ambient fluid upstream of
the cylinder Re,,, is evaluated as

Uamb¢c

Reamb = T (8)

where U, is the mean ambient fluid velocity, evaluated for each time
t. Re,,, reaches values up to 900. These values are higher than the
critical threshold required for the formation of a von Karmén vortex
street downstream of a cylindrical obstacle (Jackson, 1987; Wiliamson,
1996). It can therefore be stated that the passage of the ambient fluid
generates a von Karmén vortex street upstream of the cylinder, with
vortices being transported in the negative direction in the ambient fluid
flow.
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Fig. 4. Maps of instantaneous longitudinal velocity component in the undisturbed configuration for g’ = 0.06 m/s> with vertical profile at three positions: x* = 1.65,
x* = 1.85 and x* = 2.05. The dashed black line is the current profile, the gray line represents the upper limit of the inner layer and the white lines delimit the
shear layer.
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Fig. 5. Maps of instantaneous vertical velocity component in the undisturbed configuration for g’ = 0.06 m/s’. The dashed black line is the current profile, the
gray line represents the upper limit of the inner layer and the white lines delimit the shear layer.

After the impact, part of the current flows around the obstacle, flow mixes with the ambient fluid and is transported back into the
while another upwells in front of the cylinder and the current longitu- current in the negative longitudinal and vertical directions. As the
dinal velocity decreases (+* = 5.34 in Fig. 7). Eventually, the upwelled current body propagates around the cylinder and upwells in front of it,
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Fig. 7. Maps of longitudinal velocity, U*(x*, z*,*), in obstructed configuration for g’ = 0.06 m/s> with vertical profiles at x* = 1.45, x* = 1.75 and x* = 1.95. The
dashed black line is the current profile, the gray line represents the upper limit of the inner layer and the white lines delimit the shear layer.

the ambient fluid moves in the opposite direction (+* = 5.34 in Fig. 7). It
eventually forms a strong separation region adjacent to the front face of
the cylinder. Hereinafter, this region is designated by recirculation zone
as it corresponds to the region where the ambient fluid is entrapped and
redirected towards the obstacle, the opposite direction of the general
ambient fluid movement.

As the dense fluid moves upward in front of the obstacle, the area
available for the passage of ambient fluid decreases and the recircu-
lation zone undergoes a decrease in vertical extent and an increase
in width (+* = 578 and * = 6.75 in Fig. 7). At the same time,
longitudinal velocities increase within the recirculation zone close to
the free surface. Close to the obstacle, the shear layer is disrupted and
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Fig. 8. Maps of vertical velocity, W*(x*, z*,*), in the configuration with the cylinder for g’ = 0.06 m/s>. The dashed black line is the current profile, the gray
line represents the upper limit of the inner layer and the white lines delimit the shear layer.

the flow exhibits nearly zero longitudinal velocity magnitudes, while
far from the cylinder (i.e. x* = 1.4), the behavior is the same observed
in the undisturbed configuration.

Fig. 8 shows maps of W*(x*, z*,*). Before the impact, the highest
values of vertical velocity are concentrated on the top of the current
head, whilst negligible values are exhibited in the inner and outer
layers, similarly to the undisturbed configuration (r* = 3.49 in Fig.
8). After the impact, positive values of the vertical velocity component
are observed in the outer layer and in the shear layer, with maximum
values observed on the vicinity of the obstacle (+* = 5.78 in Fig. 8). After
the upwelling of the current, positive values are also observed in the
recirculation zone. Upstream of the upwelling, there are strong negative
values of vertical velocity, indicating vertical downward motion of
ambient fluid towards the dense current (+* = 6.75 and t* = 7.07 in
Fig. 8). The inner layer shows negative values of vertical velocity in
the vicinity of the obstacle, indicating that near the lower part of the
obstacle there is flow moving downwards to cross the obstacle from the
sides. Far from the cylinder, the inner layer has no vertical motion.

5.2. Rortex intensity

Fig. 9 shows R* for g’ = 0.06 m/s®. The Rortex intensity maps show
that, before the impact, the vortex distribution is similar that observed
in the undisturbed condition (+* = 3.49 in Fig. 9). The inner layer
is characterized by clockwise rotations, while the maximum positive
values of R* are identified in the shear layer, due to the movement
in opposite direction of the two fluids. An intense persistent, negative-
intensity vortex form in the inner layer after the impact (+* = 5.34 in
Fig. 9). The Rortex intensity of this vortex structure in the inner layer
increases as the current propagates, while no relevant structures have
been identified in this layer far from the cylinder. From r* = 5.78 there
is the formation of a shear region that compatibilizes the circulation
flow and the flow in the separated region. There is no significant
extension of this structure in the longitudinal direction, so it remains
confined to the vicinity of the obstacle. After the impact, following
the increase of the current height (* = 6.75 in Fig. 9), clockwise and
counterclockwise vortices are generated in the recirculation zone and

propagated away from the cylinder’s vicinity, in the direction of the
ambient fluid motion. The intensity and frequency of those vortices
increase with time (+* = 7.07 and * = 7.92 in Fig. 9). The outer layer is
characterized by positive Rortex intensity.

6. Discussion

The interaction between a gravity current and a vertically mounted
cylinder leads to the formation of intense vortex structures. The vortex
structure identified in the inner layer, close to the cylinder, is similar
to a horseshoe vortex, a structure observed in previous studies on the
flow dynamics at the base of a vertical obstacle not occupying the total
width of the domain (Baker, 1980; Dey and Raikar, 2007; Chen et al.,
2019; Zhang et al., 2020).

The interaction between the rising dense fluid and the ambient fluid
flowing in the opposite direction near the obstacle causes an intense
counterclockwise vortex in front of the obstacle, after the impact (* =
5.78 in Fig. 9). The clockwise vortex observed above this structure is
generated by the interaction between the rising dense fluid and the
ambient fluid trapped in the recirculation zone. The increase of dense
current height in front of the obstacle leads to a strong circulation on
the upstream side. This circulation expands while the current height
increases and remains with the same size during the following current
descent phase. After the impact, the dense current shows no significant
reflection in front of the obstacle, only an increase in the current height
is observed. A similar result was obtained by Brito et al. (2022), based
on measurements of the density field in the same setup. This sug-
gests that the strong rotation, identified herein employing the Rortex
method, contributes to increase the mixing between the two fluids. The
downward flow that is observed above the interface, resulting from the
current-obstacle impact, is not only reflected dense fluid, but a mixture
of dense and ambient fluids characterized by a lower density than that
of the current. This observation explains the unchanged concentration
profile obtained in the work of Brito et al. (2022).

Less clear is the formation of vortices in the recirculation zone. Two
hypotheses are proposed:
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Fig. 9. Maps of Rortex intensity in the obstructed configuration for g’ = 0.06 m/s?. The dashed black line is the current profile, the gray line represents the upper
limit of the inner layer and the white lines delimit the shear layer.
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« tilting mechanism: the rising dense fluid would impact the vor-
tices generated in the Von Kérman street of the cylinder, tilting
them and generating clockwise rotations with the axis of rotation
perpendicular to the (x,y) plane, visible in the configuration of
the present work when the vortices cross the PIV laser beam.
This hypothesis could explain the formation of clockwise vor-
tices in the initial phases near the cylinder, not the presence of
counterclockwise vortices.

Alternating flow propagation: in the recirculation zone there is an
alternation of vertical movements of opposite sign, as shown by
the velocity field in Fig. 10. For * = 6.75 there are vertical
movements directed upwards and converging towards the cylin-
der; at r* = 7.07 a downward flow from the free surface is
observed in which one part converges towards the cylinder while
the other propagates upstream; for * = 7.92 vertical downward
flow movements are found near the surface of the cylinder, with
opposite direction relatively to the vertical movements identified
further upstream. There is, therefore, propagation of the fluid

)

Fig. 10. Maps of Rortex intensity in the obstructed configuration for g’ = 0.06 m/s* in the recirculation zone. The quiver maps represent the non dimensional
velocity field. The dashed black line is the current profile and the white lines delimit the shear layer.

mass in different directions, probably enough for the formation
of vortices rotating in opposite directions.

The results obtained in this study allow us to draw some impli-
cations regarding the interaction of gravity currents with vegeta-
tion and/or vertical human structures. The presence of a single
cylinder causes dense currents to accumulate along its surface,
resulting in the formation of a vortex upstream of the obstacle.
This structure could reduce the transport of sediments and/or
pollutants by a gravity current downstream of a vegetated area.
Particles and debris could become trapped in the vortex formed
upstream of the vegetation, remaining suspended until the tail
of the current passes. Subsequently, they would be drawn into
a slower flow, favoring their sedimentation upstream of the veg-
etation. The intensity of the vortices in the inner region in the
configuration with the cylinder are less intense than in the undis-
turbed case, which is in line with the reduction of turbulence in a
gravity currents approaching a vertical cylinder found in Di Lollo
et al. (2024). This leads to a possible decrease in the remobiliza-
tion of sedimented particles and increases the concentration of
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sediment upstream of the vegetation compared to a case without
vegetation. The passage of a gravity current can cause erosion at
the base of a vertical human-made structure as a result of the
formation of an intense, persistent vortex structure, observed at
the base of the cylinder.

7. Conclusions

This work researches the vortex structures of a gravity current
generated by the lock-release technique through an innovative visu-
alization method, the Rortex Liutex method. The study covers the
analysis of the formation and development of vortex structures in
the cases of an undisturbed current and a current impacted by the
presence of a cylinder mounted perpendicular to the channel bottom.
Instantaneous velocity fields were acquired by a 2D-2C PIV system on
the vicinity of the cylinder.

The structures identified in the undisturbed configuration using the
Rortex method are consistent with observations from previous studies.

Intense vortex structures are identified at the interface between
the two fluids, as well as on the channel bottom, with the formation
of packages of structures also observed in turbulent boundary layer
flows. The interface structures follow stages of generation, formation,
stretching, and rupture.

After the impact with the obstacle, an intense vortex is generated
in the vicinity of the obstacle, caused by the rising current interacting
with the ambient fluid flowing around the obstacle. This structure leads
to an increase in mixing between the two fluids and could increase
particle residence time and enhanced retention processes. In the upper
part of the vicinity of the obstacle, the updraft of the current causes a
recirculating zone in which the ambient fluid is trapped. This zone is
pushed towards the free surface by the rising of the current, increasing
its extension and generating intense and scattered vortices. The nature
of these vortices was not possible to confirm in this work, however it
is suggested that it may be due to a tilting of the vortices generated
by the passage of the ambient fluid as well as on the alternation of
the direction of the flow upstream of the cylinder. The reduction in
the intensity of the vortices within the inner region of the current
may limit sediment mobilization and resuspension. At the foot of the
obstacle there is the generation of an intense clockwise vortex which
may enhance localized erosion processes.
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